INTRODUCTION {#s1}
============

Traditional biopsy from the primary tumor site has limitations due to its invasive nature \[[@R1]\]. In particular, in lung cancer, which is among the leading causes of cancer-related death worldwide, obtaining a tumor tissue sample in the thoracic cavity to guide treatment decisions is challenging \[[@R2], [@R3]\]. Therefore, there is a high demand for continuous monitoring through detectable tumor surrogate specimens in blood with sensitive molecular biology techniques \[[@R4], [@R5]\]. Presently, there is a renewed interest in liquid biopsy using circulating cell-free deoxyribonucleic acid (cfDNA) because of its potential to screen for tumors and disease progression in lung cancer \[[@R6]\].

Tumor cells can release genomic DNA into the bloodstream through numerous mechanisms, such as leakage after tumor necrosis or apoptosis, lysis of circulating tumor cells during micrometastasis, and macrophage digestion of tumor DNA fragments \[[@R7], [@R8]\]. Theoretically, the amount of tumor-derived cfDNA should correlate with the tumor burden or biological aggressiveness in malignant conditions, due to both passive and active release mechanisms \[[@R9], [@R10]\]. Previous clinical trials have demonstrated that the amount of cfDNA is higher in patients with lung cancer than in healthy individuals \[[@R11], [@R12]\]. In addition, high baseline cfDNA concentrations have been found to worsen the survival outcomes of patients with lung cancer \[[@R13], [@R14]\]. However, relatively few studies have investigated changes in cfDNA levels at specific periods during treatment \[[@R15]-[@R21]\]. To date, detailed analyses of dynamic changes in the cfDNA concentration to predict the radiological tumor response have not been performed. Despite the growing interest in cfDNA as a potential biomarker for lung cancer, the clinical validity of cfDNA quantification remains inconclusive.

In mid-2016, the first liquid biopsy test was approved by the U.S. Food and Drug Administration \[[@R22], [@R23]\]. The concentration of tumor cfDNA, which is known to have a remarkably short half-life (∼16 min), can be determined simply by liquid biopsy to predict clinical disease progression and patient survival \[[@R24]\]. Therefore, in this study, we explored the prospective predictive and prognostic value of cfDNA quantification over time with computed tomography (CT) imaging after chemotherapy in patients with non-small-cell lung cancer (NSCLC).

RESULTS {#s2}
=======

cfDNA concentration and clinical characteristics {#s2_1}
------------------------------------------------

The correlations of patients' clinicopathologic characteristics with their baseline cfDNA concentrations are shown in Table [1](#T1){ref-type="table"}. In total, 177 patients (115 \[65%\] men and 62 \[35%\] women) with baseline cfDNA data were included in the study, with a median age of 65 years. Among these patients, 112 (67 \[60%\] men and 45 \[40%\] women) chemo-naive patients with stage IV adenocarcinoma were analyzed in the follow-up cohort, with the same median age. In both data sets, most of the patients had a good performance status (Eastern Cooperative Oncology Group performance status \[ECOG PS\] ≤ 1), but also had high comorbidity (Charlson Comorbidity Index \> 7). Most patients in the total population had advanced-stage (stage IV, 77%) adenocarcinoma (79%) without previous chemotherapy before sampling (95%). A greater number of patients had bone metastasis than liver metastasis in both the total and chemo-naive stage-IV adenocarcinoma-only patient populations (45% vs. 15% in total patients; 63% vs. 20% in chemo-naive stage-IV adenocarcinoma-only patients).

###### Correlation of baseline circulating cfDNA amounts with clinicopathologic characteristics in patients with NSCLC

  Variables                               All patients with NSCLC (n = 177)   Chemo-naive patients with stage IV ADC (n = 112)                                       
  --------------------------------------- ----------------------------------- -------------------------------------------------- ------- ----------- --------------- -------
  Age                                                                                                                                                                
   \< Median                              82 (46)                             64 (33--120)                                               55 (49)     72 (38--135)    
   \> Median                              95 (54)                             57 (39--139)                                       0.938   57 (51)     56 (39--157)    0.354
  Sex                                                                                                                                                                
   Male                                   115 (65)                            57 (37--139)                                               67 (60)     66 (38--145)    
   Female                                 62 (35)                             59 (40--115)                                       0.817   45 (40)     60 (40--133)    0.973
  ECOG status                                                                                                                                                        
   ≤ 1                                    149 (84)                            56 (37--133)                                               90 (80)     61 (38--147)    
   \> 1                                   28 (16)                             73 (41--129)                                       0.192   22 (20)     73 (40--120)    0.299
  Charlson Comorbidity Index                                                                                                                                         
   ≤ 7                                    50 (28)                             50 (30--110)                                               14 (12)     110 (48--276)   
   \> 7                                   127 (72)                            64 (39--139)                                       0.283   98 (88)     59 (38--132)    0.116
  Histology type^\*\*^                                                                                                                                               
   ADC                                    140 (79)                            56 (35--130)                                               112 (100)   63 (39--141)    
   SQCC                                   26 (15)                             67 (44--119)                                               0 (0)       N/A             
   Others                                 11 (6)                              63 (40--286)                                       0.538   0 (0)       N/A             N/A
  EGFR mutation                                                                                                                                                      
   Yes                                    77 (49)                             56 (40--135)                                               61 (57)     57 (38--135)    
   No                                     79 (51)                             63 (39--133)                                       0.268   46 (43)     75 (39--142)    0.467
  Previous chemotherapy before sampling                                                                                                                              
   Yes                                    9 (5)                               58 (31--147)                                               0 (0)       N/A             
   No                                     168 (95)                            59 (31--133)                                       0.574   112 (100)   63 (39--141)    N/A
  Clinical stage^\*\*\*^                                                                                                                                             
   Stage I/II                             18 (10)                             41 (25--46)                                                0 (0)       N/A             
   Stage III                              22 (13)                             67 (41--87)                                                0 (0)       N/A             
   Stage IV                               137 (77)                            72 (41--159)                                       0.003   112 (100)   63 (39--141)    N/A
  Liver metastasis                                                                                                                                                   
   Yes                                    27 (15)                             66 (34--115)                                               22 (20)     69 (29--112)    
   No                                     150 (85)                            57 (38--134)                                       0.511   90 (80)     61 (41--149)    0.575
  Bone metastasis                                                                                                                                                    
   Yes                                    81 (45)                             71 (39--157)                                               71 (63)     69 (39--141)    
   No                                     96 (55)                             51 (32--113)                                       0.084   41 (37)     56 (39--140)    0.366

cfDNA, cell-free DNA; NSCLC, non-small-cell lung cancer; ADC, adenocarcinoma; ECOG, Eastern Cooperative Oncology Group; SQCC, squamous cell carcinoma; EGFR, epidermal growth factor receptor

^\*^Data are expressed as the median, followed by the interquartile range in parentheses.

^\*\*^According to the World Health Organization (WHO) classification \[[@R37]\]

^\*\*\*^According to the American Joint Committee on Cancer (AJCC) 8th edition guidelines \[[@R38]\]

In brief, the cfDNA concentration did not correlate with baseline demographics, with the exception of clinical stage. In the total population, the cfDNA concentration was higher in patients with stage IV disease (median = 72 \[interquartile range (IQR) = 41-159\] ng/mL) than in those with stage III (median = 67 \[IQR = 41-87\] ng/mL) or stage I/II disease (median = 41 \[IQR = 25-46\] ng/mL) (p = 0.003). Receiver operating characteristic (ROC) curve analysis was performed to determine the power of cfDNA to discriminate patients with clinical stage IV disease from those with stage I-III disease. The results indicated that an area under the curve (AUC) of 0.658 (p \< 0.002; 95% confidence interval \[CI\]: 0.568-0.748) had 62.0% sensitivity and 67.5% specificity to discriminate stage IV patients ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}).

cfDNA concentration and patient survival {#s2_2}
----------------------------------------

The median progression-free survival (PFS) was 7.6 months (95% CI: 5.1-10.1 months), and overall survival (OS) was 22.2 months (95% CI: 15.2-29.2 months) in the total population. In chemo-naive patients with stage IV adenocarcinoma, the median PFS was 6.5 months (95% CI: 4.6-8.6 months) and OS was 22.2 months (95% CI: 14.1-30.3 months). Figure [1](#F1){ref-type="fig"} displays the Kaplan-Meier plots of the PFS and OS probabilities in patients with high (\> 70 ng/mL) and low (≤ 70 ng/mL) baseline cfDNA concentrations (70 ng/mL as the cut-off value). In the total population (Figure [1A](#F1){ref-type="fig"} and [1B](#F1){ref-type="fig"}), patients with high cfDNA concentrations had significantly shorter PFS (median PFS = 5.6 months; 95% CI: 4.0-7.3 months) and OS (median OS = 10.4 months; 95% CI: 6.5-14.2 months) than those with low cfDNA concentrations (median PFS = 15.8 months; 95% CI: 10.8-20.7 months; median OS = 28.9 months; 95% CI: 5.2-52.8 months) (all p value \< 0.001). Similarly, in chemo-naive patients with stage IV adenocarcinoma (Figure [1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}), high baseline cfDNA levels had a strong negative prognostic impact on PFS (low cfDNA vs. high cfDNA: median = 12.2 months \[95% CI: 6.8-17.6 months\] vs. median = 5.7 months \[95% CI: 3.3-8.0 months\], respectively; p = 0.005) and OS (low cfDNA vs. high cfDNA: median = 28.7 months \[95% CI: 33.3-64.6 months\] vs. median = 10.3 months \[95% CI: 6.4-14.3 months\], respectively; p \< 0.001).

![Kaplan-Meier estimates of PFS and OS according to the cfDNA concentration in patients with NSCLC **(A)** PFS and **(B)** OS according to the baseline cfDNA concentration (≤ 70 ng/mL vs. \> 70 ng/mL) in all patients with NSCLC. **(C)** PFS and **(D)** OS according to the baseline cfDNA concentration (≤ 70 ng/mL vs. \> 70 ng/mL) in chemo-naive patients with stage IV adenocarcinoma. cfDNA, cell-free DNA; NSCLC, non-small-cell lung cancer; PFS, progression-free survival; OS, overall survival.](oncotarget-08-94417-g001){#F1}

In univariate analysis, the cfDNA concentration, ECOG PS, Charlson comorbidity index and clinical stage were found to be significantly associated with PFS and OS in the total patient population. Multivariate Cox regression modeling identified a high cfDNA concentration as an independent negative prognostic factor for PFS (hazard ratio \[HR\]: 2.60; 95% CI: 1.65-4.10; p = 0.008) and OS (HR: 2.63; 95% CI: 1.66-4.17; p \< 0.001). In chemo-naive patients with stage IV adenocarcinoma, a high cfDNA concentration was also an independent negative prognostic factor for PFS (HR: 2.21; 95% CI: 1.37-3.55; p = 0.001) and OS (HR: 3.50; 95% CI: 1.90-6.45; p \< 0.001) (Table [2](#T2){ref-type="table"}).

###### Univariate and multivariate Cox regression model for PFS and OS based on the cfDNA concentration in patients with NSCLC

  Variables                                          Univariate analysis   Multivariate analysis                                                                                     
  ----------------------------------- -------------- --------------------- ----------------------- ------------------- ---------- ------------------- ---------- ------------------- ----------
  All patients with NSCLC                                                                                                                                                            
   cfDNA (\>70 ng/mL)                 75/177 (42)    2.17 (1.47--3.20)     \< 0.001                2.60 (1.65--4.10)   \< 0.001   2.60 (1.65--4.10)   \< 0.001   2.63 (1.66--4.17)   \< 0.001
   Age (\> median)                    95/177 (54)    1.03 (0.70--1.52)     0.856                   1.42 (0.90--2.23)   0.126      0.95 (0.62--1.44)   0.808      1.05 (0.64--1.71)   0.836
   Sex (male)                         115/177 (65)   1.00 (0.67--1.50)     0.979                   1.47 (0.90--2.39)   0.117      1.07 (0.71--1.63)   0.727      1.48 (0.90--2.46)   0.120
   ECOG status (\>1)                  28/177 (16)    2.10 (1.25--3.52)     0.005                   2.71 (1.59--4.63)   \< 0.001   1.89 (1.09--3.28)   0.023      2.64 (1.48--4.69)   0.001
   Charlson Comorbidity Index (\>7)   127/177 (72)   1.97 (1.22--3.19)     0.006                   2.23 (1.19--3.70)   0.010      0.99 (0.51--1.91)   0.989      1.21 (0.58--2.52)   0.601
   Stage IV                           137/177 (77)   2.68 (1.54--4.66)     \< 0.001                2.33 (1.25--4.35)   0.007      2.29 (1.09--4.77)   0.027      1.88 (0.86--4.14)   0.113
  Stage IV chemo-naive ADC only                                                                                                                                                      
   cfDNA (\>70 ng/mL)                 50/112 (45)    2.11 (1.32--3.37)     0.008                   3.08 (1.71--5.57)   \< 0.001   2.21 (1.37--3.55)   0.001      3.50 (1.90--6.45)   \< 0.001
   Age (\> median)                    57/112 (51)    1.07 (0.67--1.70)     0.774                   1.51 (0.85--2.68)   0.154      1.10 (0.64--1.89)   0.722      1.30 (0.68--2.48)   0.427
   Sex (male)                         67/112 (60)    0.96 (0.60--1.55)     0.888                   1.49 (0.82--2.71)   0.187      1.12 (0.66--1.90)   0.653      1.76 (0.89--3.45)   0.101
   ECOG status (\>1)                  22/112 (20)    1.69 (0.95--3.00)     0.073                   2.53 (1.35--4.73)   0.004      1.92 (1.03--3.59)   0.040      3.02 (1.49--6.13)   0.002
   Charlson Comorbidity Index (\>7)   98/112 (88)    0.70 (0.37--1.35)     0.295                   1.09 (0.49--2.46)   0.820      0.56 (0.26--1.23)   0.152      0.72 (0.27--1.96)   0.534

PFS, progression-free survival; OS, overall survival; NSCLC, non-small-cell lung cancer; HR, hazard ratio; CI, confidence interval; cfDNA, cell-free DNA; ECOG, Eastern Cooperative Oncology Group; ADC, adenocarcinoma

cfDNA concentration kinetics and radiological tumor responses {#s2_3}
-------------------------------------------------------------

Measurable target lesions and adequate cfDNA for calibration were available for 43 patients who were enrolled for cfDNA kinetic analysis. The median follow-up period was 14.4 months. During first-line chemotherapy, the change in the cfDNA concentration is hypothesized to correlate with the radiological tumor response at different time points. In the partial response (PR) group only, the cfDNA concentration was lower at the first follow-up assessment than at baseline (median = −12% \[IQR = −66% to +0%\], p = 0.036) (Figure [2A](#F2){ref-type="fig"}). In the same group, the cfDNA concentration was significantly lower at the time point of the radiological best response than at baseline (median = −27% \[IQR = −64% to +7%\], p = 0.025) (Figure [2B](#F2){ref-type="fig"}). At both time points, however, no significant percentage changes in the cfDNA concentration were noted in the other response category groups. The waterfall plots also revealed no distinguishable pattern for the percentage change in the cfDNA concentration at assessments of first response and radiological best response (Figure [2C](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}). In Spearman's correlation analysis, the percentage change in the cfDNA level was not associated with the log-transformed percentage change in the sum of the longest diameter (SLD; r = 0.187, p = 0.223) ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}).

![Changes in the cfDNA concentration during systemic therapy **(A)** Change in the cfDNA concentration from baseline to first response assessment, according to the radiological response category. **(B)** Waterfall plot for the percentage change in the cfDNA concentration at first response assessment. **(C)** Change in the cfDNA concentration from baseline to the radiological best response, according to the radiological best response category. **(D)** Waterfall plot for the percentage change in the cfDNA concentration at assessment of radiological best response. cfDNA, cell-free DNA; NSCLC, non-small-cell lung cancer; PR, partial response; SD, stable disease; PD, progression of disease ^\*^Kruskal-Wallis test among PR, SD and PD groups ^\*\*^Data are expressed as the median, followed by the interquartile range in parentheses ^\*\*\*^Wilcoxon signed rank test between the cfDNA concentration at baseline and at first follow-up assessment or best response.](oncotarget-08-94417-g002){#F2}

Figure [3](#F3){ref-type="fig"} is a graphical diagram of the association between the cfDNA concentration and the radiological response in patients with (n = 25 \[58%\]) and without disease progression (n = 18 \[42%\]). Of the 25 patients who experienced clinical progression after chemotherapy, 13 patients with PR, 8 patients with stable disease (SD) and 4 patients with progression of disease (PD) were identified based on their radiological best response during treatment (Figure [3A](#F3){ref-type="fig"}). Among the 13 patients in the PR group, 7 (54%) had a decrease in cfDNA concentration of more than 25% from baseline to best response. Of the 18 patients without disease progression, 11 patients belonged to the PR group and 7 belonged to the SD group (Figure [3B](#F3){ref-type="fig"}). Among the 11 patients in the PR group, 5 (45%) had a decrease in cfDNA concentration of more than 25% from baseline to best response. The percentage change in the cfDNA concentration at the time point of best response was hypothesized to differ according to the response category. However, no differences in the cfDNA concentration according to the response category were noted in patients either with disease progression (p = 0.093) or without progression (p = 0.892).

![Circulating cfDNA time points coded by NSCLC patient identification number\
Graphical presentation of the association between the cfDNA level and the assessment of radiological response in patients with disease progression **(A)** and without progression **(B)** Change in the cfDNA concentration from baseline to best response, according to the radiological best response category; x-axis displays the time to clinical tumor progression. cfDNA, cell-free DNA; NSCLC, non-small-cell lung cancer; PR, partial response; SD, stable disease; PD, progression of disease ^\*^Kruskal-Wallis test among PR, SD and PD groups ^\*\*^Data are expressed as the median, followed by the interquartile range in parentheses ^\*\*\*^Wilcoxon signed rank test between the cfDNA concentration at baseline and at best response.](oncotarget-08-94417-g003){#F3}

Figure [4](#F4){ref-type="fig"} depicts the kinetic pattern of the cfDNA concentration before disease progression. In the 25 patients with disease progression, no pattern was detected in the change in the cfDNA concentration from baseline and pre-progression measurements to progression. At the time point of disease progression, the percentage change in the cfDNA concentration from the baseline cfDNA concentration did not differ according to the radiological best response (p = 0.254) (Figure [4A](#F4){ref-type="fig"}). In addition, the percentage change in cfDNA between disease progression and the previous level did not differ according to the radiological best response (p = 0.179) (Figure [4B](#F4){ref-type="fig"}).

![Circulating cfDNA kinetics in patients with NSCLCQuantitative cfDNA dynamics during treatment for NSCLC\
**(A)** Change in the cfDNA concentration from baseline to disease progression, according to the radiological best response category. **(B)** Change in the cfDNA concentration from the previous level to disease progression, according to the radiological best response category. Colors and symbols in the panel represent individual patient cfDNA kinetics; x-axis displays the time to clinical tumor progression. cfDNA, cell-free DNA; NSCLC, non-small-cell lung cancer; PR, partial response; SD, stable disease; PD, progression of disease ^\*^Kruskal-Wallis test among PR, SD and PD groups^\*\*^Data are expressed as the median, followed by the interquartile range in parentheses.^\*\*\*^Wilcoxon signed rank test between the cfDNA level at disease progression and the baseline or previous cfDNA level.](oncotarget-08-94417-g004){#F4}

DISCUSSION {#s3}
==========

With the recent advances in highly sensitive and specific quantitative analysis of blood cfDNA, measuring the cfDNA concentration is suggested to be a simple method to estimate the disease prognosis and tumor response \[[@R25], [@R26]\]. The first tumor-derived cfDNA in blood was identified in the 1970s, and the prognostic value of the cfDNA concentration was first reported in 1997 by Fournie et al., who analyzed 68 patients with NSCLC and small-cell lung cancer \[[@R27], [@R28]\]. In 2004, Gautschi et al. provoked greater interest in this field with their publication \[[@R15]\] describing 185 patients with NSCLC (stage I to IV). These authors reported that OS was significantly poorer for patients with high cfDNA concentrations than for those with low cfDNA concentrations (HR: 2.325) \[[@R15]\]. To date, numerous studies have demonstrated that the cfDNA concentration is related to survival in lung cancer \[[@R14], [@R19], [@R20], [@R29]\]. A recent meta-analysis of 17 studies with 1,723 patients indicated that OS was worse in patients with high cfDNA concentrations than in those with low cfDNA concentrations (HR: 1.76; 95% CI: 1.38-2.25; p \< 0.001) \[[@R14]\]. Consistently, our multivariate Cox hazards model demonstrated that OS was worse (HR: 2.63; 95% CI: 1.66-4.17; p \< 0.001) in patients with high cfDNA concentrations after adjustment for various clinical factors \[[@R15]-[@R18]\].

In contrast to the survival prognostic value, the predictive value of the cfDNA concentration for determining the radiological tumor response has been investigated in relatively few studies to date. The first study on this topic was published in 2004 by Gautschi et al. \[[@R15]\]. In that study, 91 patients with stage I-IV NSCLC underwent follow-up after the first to third cycles of chemotherapy, and the cfDNA concentrations at follow-up were compared to those at baseline. The cfDNA concentration was significantly elevated after chemotherapy in the PD group (p = 0.006), but not in the PR/SD group (p = 0.423). In addition, Pan et al. reported that the plasma DNA concentration was significantly reduced after the first cycle of chemotherapy in the PR group (p \< 0.001), but not in the SD (p = 0.322) and PD groups (p = 0.528) among 82 patients with stage III/IV NSCLC \[[@R18]\]. Similarly, in an analysis of 40 patients with stage III/IV NSCLC, Vinayanuwattikun et al. reported an increasing trend in the cfDNA concentration 3 weeks after chemotherapy in the SD/PD group (p = 0.02) but not in the PR group \[[@R21]\]. However, these studies have had discordant results in different response groups, so it has not been possible to discriminate the response patterns among patients with PR, SD and PD. Similarly, Lee et al. and Tissot et al. could not use the change in the cfDNA concentration to differentiate patient response groups (p = 0.825, p = 0.473, respectively) \[[@R19], [@R20]\]. In an analysis of 42 patients with stage III-IV NSCLC, Kumar et al. reported that the cfDNA level after the third cycle of chemotherapy was significantly higher in the PD group than in the PR (p \< 0.001) and SD (p = 0.001) groups \[[@R16]\]. However, the authors only compared cfDNA concentrations at the time of follow-up according to the response category, which cannot be generalized as the percentage change in cfDNA in individual patients.

Recently, Li et al. evaluated this issue in a large prospective study that included 103 patients with stage III/IV NSCLC \[[@R17]\]. Although the authors reported a weak monotonically increasing relationship between the percentage change in the cfDNA concentration and the SLD (Spearman's correlation test, r = 0.21; p = 0.03), the percentage change in the cfDNA concentration from baseline to the first response evaluation period did not differ significantly among patients in different radiological response categories (Kruskal-Wallis test; p = 0.10) \[[@R17]\]. Nonetheless, the authors only investigated the first follow-up period and did not perform DNA kinetic analysis. Therefore, dynamic changes in the cfDNA concentration with the CT response require further clarification.

In this large prospective biomarker trial, we demonstrated that a high baseline cfDNA concentration was associated with worse PFS and OS in NSCLC patients. Automatic X-tile software was used to define the optimal cut-off value through training/validation methods, because result bias has occurred in previous studies employing median values, tertiles or ROC curves to define cut-off thresholds for the cfDNA concentration. In this study, we conducted numerous novel analyses that previous studies did not include. First, we used individual variation plots and waterfall plots to describe the change in the cfDNA concentration at different time points, including first response and best response, according to the radiological response category. Furthermore, we graphically presented the change in the cfDNA concentration corresponding to the radiological response for each patient at each assessment of radiological response. Lastly, we performed kinetic analysis during treatment to compare the cfDNA concentration at disease progression with baseline and previous measurements. In our analysis at various time points, however, the change in the cfDNA concentration during treatment did not correlate with the radiological CT response. The cfDNA kinetic analysis also revealed no distinguished pattern throughout the timeline.

Our findings can be explained through the following. First, high baseline levels of cfDNA may be associated with a high tumor burden and thus correlate with poor survival outcomes. The more the tumor cells enhance tumor apoptosis or other active releasing mechanisms, the higher the cfDNA levels will be in the blood. Additionally, aggressive tumors infiltrate normal tissue and increase necrosis, which is among the passive mechanisms known to release tumor-derived cfDNA into the blood \[[@R10]\]. Recently, Nygaard et al. investigated the correlation of the cfDNA concentration with the metabolic tumor volume and total lesion glycolysis using ^18^F-fluorodeoxyglucose positron emission tomography \[[@R30]\]. However, the authors concluded that the cfDNA concentration was not significantly associated with the metabolic tumor volume or total lesion glycolysis. Accordingly, the relationship between the cfDNA concentration and tumor burden requires further study. In addition, our study demonstrated that a high cfDNA concentration was associated with an advanced clinical stage (stage IV vs. stage I-III; AUC = 0.658, p \< 0.002). Consistent with the results of previous research \[[@R31]\], an advanced clinical stage and a high tumor burden may contribute to the poor prognosis of patients with high concentrations of cfDNA.

Secondly, the cfDNA concentration cannot be used as a marker to predict the tumor response according to CT imaging. Though the exact mechanism is difficult to explain, we assume that beyond simple tumor lysis, more complex biological mechanisms underlie the variations in cfDNA levels. One explanation is that radiological assessment by CT may not reflect the true residual tumor burden, due to the difficulty of distinguishing cancer cells from surrounding tissue reactions. In addition, since cfDNA has a short half-life in blood (from approximately 15 min to a couple of hours), the cfDNA concentration may be altered prior to radiological changes during chemotherapy \[[@R32], [@R33]\]. Serial functional images coupled with timely analyses of patients' tumor-drawn cfDNA concentrations are needed to elucidate this further.

Thirdly, the cfDNA concentration may be influenced by various factors, which must be considered in the interpretation of our results. Chemotherapy can induce apoptosis of both normal and malignant cells, thus aberrantly amplifying cfDNA levels in the circulation within 48 hours \[[@R8], [@R24]\]. Although the half-life of cfDNA in the circulation is short, transient variations in cfDNA levels may be a side effect of chemotherapy, and could confound the interpretation of the results \[[@R33]\]. In the present study, patients with severe side effects such as pulmonary embolism, trauma or other immunologically mediated diseases were excluded from the follow-up data set, and blood samples were collected more than 5 days after chemotherapy to reduce potential bias. Furthermore, the quality of the cfDNA purification process can impact the results. To optimize the preanalytical procedures, we limited the time gap (within 1 hour) to prevent the possible degradation of cfDNA \[[@R34]\]. Professional technicians gathered the blood samples immediately after these samples were obtained in the outpatient department or ward, then separated the supernatant from the cellular fraction using laboratory centrifuges located in the same center \[[@R35], [@R36]\]. In addition, to minimize DNA loss and improve the cfDNA yield, cfDNA was purified repeatedly to minimize contamination of the DNA. Accordingly, DNA extraction and PCR amplification were performed to obtain a more reliable quantitative measurement of cfDNA.

In conclusion, our findings suggest that the serum cfDNA concentration is associated with the prognosis of patients with NSCLC. However, our results do not support the clinical validity of cfDNA as a predictive biomarker for tumor responses. Further large routine-based clinical trials for cfDNA kinetics are required to confirm our results.

MATERIALS AND METHODS {#s4}
=====================

Ethical statement {#s4_1}
-----------------

This study was conducted in accordance with the declaration of Helsinki, following approval from the Institutional Review Board of Korea University Medical Center (ED14110). Patients provided written consent for their information to be stored in the hospital database and used for research.

Study population and design {#s4_2}
---------------------------

We recruited 190 consecutive patients with NSCLC at the Korea University Anam Hospital and Guro Hospital from April 2006 to April 2017. All samples and medical records were irreversibly anonymized. Following the exclusion of patients with insufficient data, 177 patients with NSCLC were enrolled in a prospective biomarker trial to evaluate the prognostic value of cfDNA. Among them, 112 chemo-naive patients with stage IV adenocarcinoma were analyzed as the follow-up cohort. Of these 112 study subjects, 69 patients were excluded due to non-measurable target lesions, insufficient cfDNA data, loss to early follow-up, or death before response evaluation. Ultimately, 43 patients were available for the cfDNA kinetic analysis (25 patients \[58%\] with disease progression and 18 \[42%\] without disease progression). The details of the study selection process are presented in Figure [5](#F5){ref-type="fig"}.

![Study flow diagram\
cfDNA, cell-free DNA; NSCLC, non-small-cell lung cancer, ADC, adenocarcinoma.](oncotarget-08-94417-g005){#F5}

The inclusion criteria were histopathologically confirmed NSCLC, age above 18 years, no previous cancer diagnosis within 5 years, and provision of written informed consent. The choice of systemic therapy, including platinum and/or non-platinum-based chemotherapy and/or tyrosine kinase inhibitors, was not limited for the analysis. The NSCLC histologic subtype was determined according to the World Health Organization classification \[[@R37]\]. The tumor node metastasis international staging system was used in accordance with the American Joint Committee on Cancer 8th edition guidelines \[[@R38]\]. The ECOG PS and Charlson Comorbidity Index were used to evaluate patients' performance status and comorbidities \[[@R39], [@R40]\].

Circulating cfDNA purification and quantification {#s4_3}
-------------------------------------------------

Peripheral blood samples (10 mL) were collected from all patients prior to treatment and placed in serum separator tubes. Within 1 hour after collection, the samples were centrifuged for 10 min at 2000 × *g* at 20°C. The supernatants were transferred to microcentrifuge tubes, then centrifuged again for 5 min at 16,000 × *g* at 20 °C. Subsequently, the supernatants were stored at −80°C until use. cfDNA was isolated from serum aliquots (500 μL) by means of a QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) with a QIAvac 24 Plus vacuum manifold, in accordance with the manufacturer's instructions. After cfDNA extraction, the purity of the cfDNA was measured with an Agilent High Sensitivity DNA kit and a Bioanalyzer 2100 instrument (Agilent Technologies, Santa Clara, CA, USA). If needed, additional purification was performed with Agencourt AMPure XP (Beckman Coulter, Brea, CA, USA) to minimize DNA contamination. Subsequently, the circulating cfDNA concentration was quantified with a Qubit 2.0 Fluorometer and the Agilent High Sensitivity DNA kit (Agilent Technologies).

Outcome assessment {#s4_4}
------------------

All patients underwent follow-up for PFS and OS analysis. PFS was defined from the date of study inclusion to the first evidence of disease progression or death from any cause. OS was calculated from the date of study inclusion to death from any cause. For the response to systemic therapy, the SLDs of measurable target lesions were quantified via CT in accordance with the standard Response Evaluation Criteria in Solid Tumors version 1.1 \[[@R41]\]. CT scans were obtained at baseline, at 6 to 12 weeks after initiation, and then every 6 to 12 weeks. For the cfDNA kinetic analysis, consecutive paired blood collection was performed at baseline, within 2 weeks of baseline CT, and at response assessment within 2 weeks of the serial follow-up CT.

Statistics {#s4_5}
----------

cfDNA data were expressed as the median and IQR. Correlations of baseline cfDNA concentrations with patient clinicopathologic characteristics were analyzed with the Mann-Whitney rank sum test and the Kruskal-Wallis test. ROC curves were constructed to evaluate the diagnostic capability (i.e., sensitivity, specificity and AUC) of the cfDNA concentration to discriminate stage IV from stages I/II/III. X-tile analysis \[[@R42]\] was used to define the best cfDNA concentration cut-off value (70 ng/mL) for survival prediction. For the X-tile analysis \[[@R42]\], two-thirds of patients were randomized as the training set, while the remaining one-third of patients comprised the validation set according to PFS and OS. Then, the optimal cut-off value was determined by training/validation methods. Details on the determination of the best cfDNA concentration cut-off value are described in [Supplementary Figure 3](#SD1){ref-type="supplementary-material"}.

Kaplan-Meier estimation was used to designate PFS and OS, and the log-rank test was used to determine significant differences. Cox proportional hazards analysis was used to further examine whether cfDNA levels were associated with survival after adjustment for covariates such as age, sex, ECOG PS, Charlson Comorbidity Index and clinical stage. The correlation between the percentage change in the cfDNA level and the percentage change in the SLD at the radiological first response was determined with Spearman's rank test. Changes in the cfDNA concentration at different time points were estimated with the Wilcoxon signed rank sum test. Given the heterogeneity of tumor progression, CT radiological responses were categorized as disease progression and no progression, and further subdivided by the radiological response during treatment, in accordance with the Response Evaluation Criteria in Solid Tumors version 1.1 \[[@R41]\]. The intergroup percentage changes in the cfDNA concentration were assessed with the Mann-Whitney U-test or the Kruskal-Wallis test. A two-sided p value ≤ 0.05 was considered statistically significant. All statistical analyses were performed with SPSS version 24.0 (SPSS Inc., Chicago, IL, USA), X-tile software version 3.6.1 (Yale University, New Haven, CT, USA), R software version 3.2.2 (R Core Team, Vienna, Austria), or GraphPad Prism version 7.0 (GraphPad Software Inc., San Diego, CA, USA).

SUPPLEMENTARY MATERIALS FIGURES {#s5}
===============================

**Author contributions**

Conception and design: MHH, JSS, EJK, SYL, YHK; Acquisition of data: MHH, JSS, EJK, SYL, YHK; Analysis and interpretation of data: MHH, JSS, EJK, SYL, YHK; Drafting of the manuscript: MHH, JSS, EJK, YHK; Critical revision of the manuscript for important intellectual content: YJC, KHP, SWS, SYL, YHK; Statistical analysis: MHH, JSS; Administrative support and study supervision: YHK; Final approval of the manuscript: MHH, JSS, EJK, YJC, KHP, SWS, SYL, YHK.

**AUTHOR ACCESS TO DATA**

Yeul Hong Kim had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.

The authors thank the patients and their families.

**CONFLICTS OF INTEREST**

None.

**FUNDING**

This research was supported by the Korea Health Technology R&D Project through the Korea Health Industry Development Institute, funded by the Ministry of Health & Welfare, Republic of Korea (HI14C0066), and the Bio & Medical Technology Development Program of the National Research Foundation funded by the Korean government, Ministry of Science, ICT and Future Planning (NRF-2015M3A9D7031070).

ADC

:   Adenocarcinoma

AUC

:   Area under the curve

CI

:   Confidence interval

cfDNA

:   Cell-free deoxyribonucleic acid

CT

:   Computed tomography

ECOG PS

:   Eastern Cooperative Oncology Group Performance Status

HR

:   Hazard ratio

IQR

:   Interquartile range

NSCLC

:   Non-small-cell lung cancer

OS

:   Overall survival

PFS

:   Progression-free survival

PR

:   Partial response

PD

:   Progression of disease

ROC

:   Receiver operating characteristic

SD

:   Stable disease

SLD

:   Sum of the longest diameter
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